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In Brief
Plant biomass provides us with many
essential products and an understanding
for how it is synthesized is therefore
important to support human activities. A
central element to plant biomass is the
cell wall; a cellular exoskeleton in which
the glucan-based polymer cellulose is a
prominent component. This paper
identifies a protein family whose
members are components of the
cellulose synthesizing machinery in
plants and reveals a mechanism for how
plants maintain their biomass producing
capacity during saline conditions.
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Abiotic stress, such as salinity, drought, and cold,
causes detrimental yield losses for all major plant
crop species. Understanding mechanisms that
improve plants’ ability to produce biomass, which
largely is constituted by the plant cell wall, is there-
fore of upmost importance for agricultural activities.
Cellulose is a principal component of the cell wall
and is synthesized by microtubule-guided cellulose
synthase enzymes at the plasma membrane. Here,
we identified two components of the cellulose syn-
thase complex, which we call companion of cellulose
synthase (CC) proteins. The cytoplasmic tails of
these membrane proteins bind to microtubules and
promote microtubule dynamics. This activity sup-
ports microtubule organization, cellulose synthase
localization at the plasma membrane, and renders
seedlings less sensitive to stress. Our findings offer
a mechanistic model for how two molecular compo-
nents, the CC proteins, sustain microtubule organi-
zation and cellulose synthase localization and thus
aid plant biomass production during salt stress.
INTRODUCTION
Changes in environmental conditions impact on plant biomass
production and on growth distributions (Qin et al., 2011). Abiotic
stresses, including drought, heat, cold, and salinity, are esti-
mated to be the causative factor for up to 50% of yield loss for
various crop species (Boyer, 1982). However, mechanisms that
link salt stress and the biomass producing capabilities of plants
remain tenuous.
Plant biomass is largely made up of plant cell walls, which pro-
vide the major sustainable resource for many human products
including feed, food, and fuel (Somerville et al., 2010). Cellulose
contributes themain bulk of plant cell walls and is themost abun-
dant biopolymer on Earth. Cellulose consists of b-1,4-linked
glucan chains that form microfibrils by intra- and inter-molecular
hydrogen bonds (McFarlane et al., 2014). These microfibrils pro-
vide the main cell wall tensile strength, are essential for plantCdevelopment, for directed cell growth, and thus for plant stature
(McFarlane et al., 2014). Cellulose is synthesized by plasma
membrane located cellulose synthase (CesA) complexes
(CSCs) (McFarlane et al., 2014), which are typically arranged
as hexameric rosettes (Mueller and Brown, 1980). Using fluores-
cently tagged CesA proteins, the complexes have been
observed as motile foci in the plasma membrane of Arabidopsis
thaliana interphase cells (Paredez et al., 2006), supporting a
model in which plasma membrane-based CesA movement rep-
resents its enzymatic activity (Morgan et al., 2013).
Plants typically contain two different types of cell walls; a pri-
mary wall that surrounds all growing cells and a secondary wall
that provides support to specialized cells (McFarlane et al.,
2014). Mutant analyses and co-immunoprecipitation studies
have shown that three distinct CesA subunits are necessary to
form a functional complex (McFarlane et al., 2014). Conse-
quently, the primary wall CSCs in Arabidopsis require CesA1-,
CesA3-, and a CesA6-related activity to be functional (Persson
et al., 2007; Desprez et al., 2007). The CSCs are assumed to
be assembled in the endoplasmic reticulum (ER) or Golgi and
are transported to the cell surface where they are inserted into
the plasma membrane adjacent to cortical microtubules
(Gutierrez et al., 2009). The CesAs may also be found in small
post-Golgi-related compartments referred to as small CesA
compartments (smaCCs) (Gutierrez et al., 2009), or microtu-
bule-associated CesA compartments (MASCs) (Crowell et al.,
2009), which are hypothesized to be involved in either exo- or
endocytosis of the CSCs (Gutierrez et al., 2009; Crowell et al.,
2009).
Cellulose microfibrils are typically transversely organized and
can align with cortical microtubules that are tethered to the
plasma membrane, in elongating plant interphase cells (Green,
1962; Ledbetter and Porter, 1963; Baskin, 2001). Consistent
with these observations, in vivo studies using fluorescently
dual-labeled CesAs and microtubules revealed that the CSCs
can track along cortical microtubules (Paredez et al., 2006) via
the protein cellulose synthase interacting1 (CSI1) (Gu et al.,
2010). Perturbations of microtubule organization, furthermore,
affect the mechanical properties of the cell wall (Zhong et al.,
2002; Fujita et al., 2011; Uyttewaal et al., 2012).
Cortical microtubules have been suggested to function as
sensors of environmental stress in plant interphase cells (Nick,
2013). Microtubules disassemble rapidly after exposure to saltell 162, 1353–1364, September 10, 2015 ª2015 Elsevier Inc. 1353
and other osmotic stresses (Komis et al., 2002). Under prolonged
stress the microtubule array gradually re-emerges, possibly as
an array adapted to stress conditions (Wang et al., 2007). One
probable regulator of the stress-induced microtubule de-poly-
merization is the atypical microtubule-associated protein kinase
PHS1 that may phosphorylate tubulin and thereby block micro-
tubule polymerization (Naoi and Hashimoto, 2004; Fujita et al.,
2013). In addition, degradation of themicrotubule stabilizing pro-
tein SPIRAL1 (SPR1) by the 26S proteasome is important for salt
stress tolerance (Wang et al., 2011). Given the close association
between cortical microtubules and the CSCs, it may be ex-
pected that salt stress impacts on cell wall synthesis and that
lesions in cellulose-related components can alter salt tolerance.
Indeed, mutations in e.g., CesA1, KORRIGAN (an endogluca-
nase associated with cellulose synthesis), CesA8, and the
CesA-related protein cellulose synthase like D5 (CSLD5) led to
changes in drought and salt stress tolerance (Chen et al.,
2005; Kang et al., 2008; Zhu et al., 2010).
Here, we identified two plant-specific proteins (companion of
cellulose synthase 1 and 2 [CC1 and CC2]) that can interact
with the CesA proteins and with microtubules. Mutations of the
proteins led to salt-sensitive phenotypes and altered microtu-
bule and CSC behavior in vivo. Furthermore, in vitro and in vivo
analyses revealed that the cytosolic parts of the CC proteins,
which interact with microtubules, promote microtubule forma-
tion and dynamics. Thus, we present a mechanism in which
the CC proteins promote microtubule dynamics and CesA activ-
ity to support biomass production during salt stress.
RESULTS
The CC Proteins Maintain Plant Growth during Adverse
Conditions
Genes that contribute to cellulose synthesis are typically tran-
scriptionally coordinated with the CesA genes (Persson et al.,
2005). We identified At1g45688 (CC1) encoding a plant-specific
protein of unknown function as being co-expressed with CesA1,
CesA3, andCesA6 (Figure S1A). T-DNA insertion mutants (cc1-1
and cc1-2) in this gene did not cause phenotypic deviations from
wild-type. CC1 is part of a gene family of four members in Arabi-
dopsis. Sequence homology, phylogenetic estimates of the
corresponding protein sequences and expression analyses re-
vealed At5g42860 (CC2) as the closest CC1 homolog (Figures
S1B–S1F), indicating that CC2 could compensate for the loss
of CC1 in the cc1 mutants. This encouraged us to establish
cc1cc2 double mutants; still, we did not observe any phenotypic
deviations fromwild-type for cc1cc2 grown onMSmedia plates.
However, CC1 expression may be induced by salt (150 mM
NaCl) (Arabidopsis efP browser http://bar.utoronto.ca/efp/
cgi-bin/efpWeb.cgi) (Winter et al., 2007). We therefore tested if
the cc1, cc2, and cc1cc2 mutants were sensitive to saline con-
ditions. Figures 1A–1C show that hypocotyls of etiolated
cc1cc2 displayed cell swelling and elongation defects 3 days
after transfer to salt containing plates (75 and 100 mM NaCl).
In contrast, no differences in hypocotyl growth were observed
when seedlings were grown in the dark on media supplemented
with 100 or 250 mM sorbitol (Figure S1G), which correspond
to osmolarity of 50 and 125 mM NaCl, respectively. When1354 Cell 162, 1353–1364, September 10, 2015 ª2015 Elsevier Inc.measuring cellulose levels in the salt-stressed seedlings, we
found that the cc1cc2 seedlings contained significantly lower
levels of cellulose compared to the control (Figure 1D; 150 mM
NaCl).
To test if agents known to affect cellulose synthesis impacted
on cc1cc2 seedling growth, we grew the mutant lines on MS
media supplemented with isoxaben and dichlobenil (DCB; cellu-
lose synthesis inhibitors) (McFarlane et al., 2014) and oryzalin
(a microtubule depolymerizing agent) (Morejohn et al., 1987).
Indeed, the cc1cc2 seedlings displayed clear growth defects,
including cell swelling and reduced hypocotyl elongation, when
grown on plates containing these agents (Figures S1G–S1L).
The cellulose content was, furthermore, significantly reduced
(30%) in cc1cc2 as compared to wild-type seedlings when
grown on MS media supplemented with 2 nM isoxaben (Table
S1). Other cell wall components (i.e., uronic acids and neutral
sugars) did not show changes during these conditions (Table
S1). To assess whether other members of the protein family
(i.e., At2g41990; CC3 and At4g35170; CC4) contributed to the
seedling phenotypes, we generated all possible single, double,
triple, and quadruple mutant combinations between T-DNA
null mutants of the four family members (Figure S1M) and
analyzed the phenotypes of themutants under stress conditions.
We found clear growth defects only if both CC1 and CC2 were
mutated in the seedlings (Figures 1E, 1F, and S1H–S1L). Hence,
CC1 andCC2 are important proteins for seedling growth and cel-
lulose synthesis during adverse growth conditions.
TheCCProteins AreMembers of theCellulose Synthase
Complex
To investigate the subcellular localization of CC1 and CC2, we
generated functional N-terminally tagged GFP fusions under
the control of a constitutively active ubiquitin 10 promoter (Gre-
fen et al., 2010) (Figures 2A and B) or under the control of their
native promoters that behaved identical to the ubiquitin 10 driven
constructs (Figures S2A and S2B). Visualization of GFP-CC1 and
GFP-CC2 in etiolated hypocotyl cells showed that they could be
discerned as motile foci that moved bi-directionally with an
average speed of 227 ± 75 nm/min (GFP-CC1) and 216 ±
70 nm/min (GFP-CC2) in the plasma membrane (Figures 2C–
2E, S2C, S2D, and S2G). These data are similar to what has
been reported for the CSC (Paredez et al., 2006), suggesting
that the CCs may track together with the CSCs. To substantiate
this, we produced dual-labeled GFP-CC1 (or GFP-CC2) and
tdTomato (tdT)-CesA6 lines (Sampathkumar et al., 2013) and
observed that the fluorescent red and green foci co-migrated
(Figures 2D–2G and S2C–S2I; Movie S1), and we therefore
named the proteins companion of cellulose synthase (CC)1
and CC2. In addition, we observed that GFP-CC1 or GFP-CC2
proteins tracked along cortical microtubules in GFP-CC1 (or
GFP-CC2) and mCherry (mCh)-TUA5 dual-label lines (Figures
S2J and S2K; Movie S2) similar to what has been described for
fluorescently labeled CesA proteins (Paredez et al., 2006). These
data further suggest that the CCs are associated with CSCs in
the plasma membrane. To investigate if the proteins can interact
directly with the CesA proteins, we tested the interactions in
yeast with the split-ubiquitin MbYTH system using the CesA1,
CesA3, and CesA6 as bait proteins and the CC1 as prey protein.
A B
cc1
cc2
Hy
po
co
tyl
 gr
ow
th 
(m
m)
0
2
4
6
8
10
12
14
C D
E
F
MS Control                  MS +                        MS + 
                             75 mM NaCl             100 mM NaCl
Col-0
cc1
cc2
cc1cc2
Co
l-0 cc1
 
 cc
2
Co
l-0 cc
1
cc
2
cc
3
cc
4
cc
1c
c2
cc
1c
c3
cc
1c
c4
cc
2c
c3
cc
2c
c4
cc
3c
c4
cc
1c
c2
cc
3
cc
2c
c3
cc
4
cc
1c
c3
cc
4
cc
1c
c2
cc
4
cc
1c
c2
cc
3c
c4
Co
l-0 cc
1
cc
2
cc
3
cc
4
cc
1c
c2
cc
1c
c3
cc
1c
c4
cc
2c
c3
cc
2c
c4
cc
3c
c4
cc
1c
c2
cc
3
cc
2c
c3
cc
4
cc
1c
c3
cc
4
cc
1c
c2
cc
4
cc
1c
c2
cc
3c
c4
0
1
2
3
4
5
6
7
8
9
10
Hy
po
co
tyl
 gr
ow
th 
(m
m)
** ** **
**
**
**
cc
1c
c2
    
    
    
    
    
    
   C
ol-
0
MS             MS + 
            100 mM NaCl
0
20
40
60
80
100
120
MS    MS + 
150 mM NaCl
Col-0 cc1cc2
*
140
***
Ce
llu
los
e (
%
 of
 w
ild
-ty
pe
 M
S 
co
ntr
ol)
Figure 1. CC1 and CC2 Are Important for Seedling Stress Tolerance
(A) Seedlings germinated and grown for 2 days onMSplates and transferred to
MSplates supplementedwith 100mMNaCl and grown for an additional 2 days
in dark. Scale bar, 1 mm.
(B) Quantification of hypocotyl elongation of seedlings in (A). **p % 0.001.
Student’s t test, values are mean, error bars are SD, n = 10 seedlings per
biological replicate (rep). Three biological reps.
(C) Close-up of hypocotyl cells of seedlings grown as in (A) using differential
interference contrast (DIC) microscopy. Scale bar, 200 mm.
(D) Cellulose levels in seedlings grown as in (E) but on media supplemented
with 150 mM NaCl. Values are means expressed as % cellulose of wild-type
seedlings grown on MSmedia. *p% 0.005; **p% 0.001. Student’s t test, error
bars are SD, n = 3 biological reps.
CYeast growth on selective media and positive b-galactosidase
activity supported a direct interaction between the proteins (Fig-
ure 2H). These data were corroborated by reciprocal assays, i.e.,
using the CC1 as bait and the CesA proteins as prey (Figure 2H).
Since CC1 can directly interact with the CesA proteins in yeast,
and the CCs track together with the CSC in the plasma mem-
brane, we propose that the CCs constitute members of the CSC.
CC1 Is Delivered Together with CesA to the Plasma
Membrane, and the CC Proteins Are Localized to the
trans-Golgi Network
To assess whether the CesA and the CC proteins are delivered
together to the plasma membrane we studied the fluorescence
recovery after photo-bleaching (FRAP) of the GFP-CC1 and
tdT-CesA6 in dual-labeled etiolated hypocotyls. We tracked de-
livery of new CesA proteins to the plasma membrane and inves-
tigated whether these events coincided with the delivery of CC1
proteins. We observed co-delivery of the proteins to the plasma
membrane in 60 of 114 events (53%). In the remaining 54 events,
the GFP-CC1 was either delivered prior (21 events; 18%) or after
(33 events; 29%) the tdT-CesA6 (six cells from six different seed-
lings). Hence, the majority of CC1 and CesA proteins are deliv-
ered together to the plasma membrane.
GFP-CC1 and GFP-CC2 also localized to cytoplasmic com-
partments (Figures 2I, 2J, and S2A), which did not show exten-
sive overlap with the Golgi located CesAs (Figures 2I, S2L, and
S2N). As the CC1- and CC2-labeled compartments resembled
trans-Golgi network (TGN)/early endosome-related compart-
ments, we crossed the GFP-CC1 or GFP-CC2 lines with lines ex-
pressing the TGN marker VHAa1 fused to RFP (Dettmer et al.,
2006). Visualization of the fluorescent proteins in the dual-
labeled progeny of this cross revealed substantial co-localization
of the GFP and RFP channels (61.8% ± 2.3%), indicating that in
addition to their plasma membrane localization, CC1 and CC2
are also localized to the TGN as defined by VHAa1-RFP (Figures
2J, S2M, and S2N).
CC1 Remains Associated with the CSC under Adverse
Conditions
We next examined the behavior of GFP-CC1 in the presence of
oryzalin or after treatment with isoxaben, which removes CesAs
from the plasma membrane (Paredez et al., 2006). Treatment of
dual-labeledGFP-CC1 andmCh-TUA5 etiolated hypocotyls with
20 mM oryzalin for 12-hr depolymerized the microtubules (Fig-
ure S3A). However, GFP-CC1 was not depleted from the plasma
membrane, and time averages of time-lapse movies revealed
that the GFP-CC1 foci were still motile along linear tracks (Fig-
ure S3A), similar to what has been reported for fluorescently
tagged CesAs (Paredez et al., 2006). In addition, similar treat-
ment (20 mM oryzalin for 12 hr) of dual-labeled GFP-CC1 (or(E) Seedlings germinated and grown for 2 days onMS plates and transferred to
MSplates supplementedwith 100mMNaCl and grown for an additional 4 days
in dark. Scale bar, 1 mm.
(F) Quantification of hypocotyl elongation of seedlings in (E). **p % 0.001.
Student’s t test, values are means, error bars are SD, n = 10 seedlings per
biological rep. Three biological reps.
See also Figure S1 and Table S1.
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Figure 2. CC1 Co-migrates and Interacts with the Cellulose Synthase Complex
(A) Introduction of either GFP-CC1 or GFP-CC2 under the control of Ubiquitin10 promoter into cc1cc2 double mutants restores etiolated hypocotyl growth when
germinated and grown for four days on MS media supplemented with 1 nM isoxaben. Scale bar, 1 mm.
(B) Quantification of hypocotyls in (A). **p% 0.001. Student’s t test, values are means, error bars are SD, nR 10 seedlings per biological replicate (rep). Three
biological reps.
(legend continued on next page)
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GFP-CC2) and tdT-CesA6 seedlings revealed that CC1 and the
CesAs still tracked together (Figures S3B–S3D). Isoxaben treat-
ment depletes CSCs from the plasma membrane and lead to
accumulation of CesAs in SmaCCs/MASCs tethered to the cell
cortex (Paredez et al., 2006). Two hours isoxaben treatment
(200 nM) depleted CesAs from the plasmamembrane confirming
that the treatment worked. Similarly, the GFP-CC1 signal also
disappeared from the plasma membrane and accumulated in
SmaCCs/MASCs together with the tdT-CesA6 fluorescence
(Figures 3A and 3B).
To get a better understanding for how the CC proteins may in-
fluence cellulose synthesis during salt stress, we exposed dual-
labeled GFP-CC1 and mCh-TUA5 seedlings to 200 mM NaCl for
short time periods. After 6 hr of salt treatment, the GFP-CC1
signal located to small cytosolic bodies (CC bodies) that were
reminiscent of smaCCs/MASCs (Figure 3C). To confirm this,
we exposed dual-labeled GFP-CC1 and tdT-CesA6 seedlings
to the same treatment and observed co-localization of the
GFP-CC1 and tdT-CesA6 signals (Pearson coefficient 0.58 ±
0.10; six cells from six seedlings in three experiments) (Figures
3C and 3D; Movie S3). These particles migrated as typical
smaCC/MASC compartments (Figure 3D) (Gutierrez et al.,
2009), corroborating that the CC1 and CesA proteins re-locate
to smaCCs/MASCs after salt stress. Taken together, these
data also support a robust interaction of the CCs and the CSC.
The CC Proteins Safeguard Microtubule and Cellulose
Synthase Functions during Salt Stress
To assess the impact of salt stress on CesA and microtubule
behavior in the absence of CC function, we generated YFP-
CesA6 and mCh-TUA5 dual-labeled cc1cc2 mutant plants. We
imaged 3-day-old etiolated hypocotyls after 15, 30, and 45 min
and 1, 2, 4, 8, 16, 28, 30, 34, and 50 hr of treatment with
200 mM NaCl. Similar to what has been described previously
(Wang et al., 2007; Fujita et al., 2013), 200 mM NaCl abolished
the cortical microtubule array after 2 hr exposure in wild-type
cells (Figures 4A and S4A). The microtubules then reassembled
after 8 hr and remained at the cortex as a stable array during
subsequent observations (Figures 4A, 4B, and S4A). In contrast,
the microtubule array disappeared very rapidly (30 min) after
salt exposure in the cc1cc2 seedlings and reassembled already
after 4 hr of salt exposure (Figures 4A, 4B, and S4A). However, in
contrast to the wild-type cells, the microtubules in the cc1cc2(C) GFP-CC1 fluorescent foci display bi-directional motility in the plasmamembran
cells. Forward denotes the movement from left to right and reverse from right to
(D) GFP-CC1 and tdT-CesA6 (tdT-C6) co-localize at foci in the plasma membran
(E) Time-average projections of GFP-CC1 and tdT-C6 from (D) reveal co-migrati
(F) Intensity plot of GFP-CC1 and tdT-C6 from transect in (E).
(G) Left: time frames of individual plasma membrane-located fluorescent GFP-CC
time 0 s). The foci split into two foci in both channels that maintain co-migration (tim
expressing cells from frames in left panel. Scale bar, 0.5 mm.
(H) Split-ubiquitin assays visualizing interaction of CesA and CC1 in yeast. The b
medium at 30C, growth indicates interaction of bait and prey proteins. Bait pr
proteins were fused with mutated N-terminal part of ubiquitin (NubG). In negative
positive controls with ALG5 fused to wild-type N-terminal domain of ubiquitin (N
(I and J) Sub-cortical fluorescent compartments in hypocotyl cells expressing G
VHAa1-RFP, 61.8% ± 2.3% of the signals co-localize; object-based co-localizatio
See also Figure S2 and Movies S1 and S2.
Ccells again gradually disappeared (8 hr after salt exposure; Fig-
ures 4A, 4B, and S4A) and did not re-appear again during the
course of the experiments (50 hr of treatment).
The salt treatment also affected the behavior of the CesAs.
After 30 min the CesA density in the plasma membrane
decreased dramatically in the wild-type cells and led to an accu-
mulation of CesA signal in smaCCs/MASCs (Sampathkumar
et al., 2013) (Figures 4A, S4B, and S4C). Surprisingly, the CesAs
began to re-appear at the plasmamembrane after8 hr of treat-
ment, and the CesA patterns were indistinguishable from non-
treated cells after 28 hr of salt treatment (Figures 4A, 4B, S4B,
and S4C). In contrast, we observed a rapid disappearance of
CesAs from the plasma membrane in the cc1cc2 seedlings
(15 min after salt treatment; Figures 4A, 4B, S4B, and S4C).
The depletion of the CesAs was not restored in the cc1cc2
mutant during the course of the experiments (50 hr of treatment).
Instead, the smaCCs/MASCs that initially accumulated slowly
vanished, and after 28 hr treatment only Golgi and/or other cyto-
plasmic compartment-located CesAs were observed (Figures
4A, 4B, and S4C). To corroborate these data, we also investi-
gated the CesA (GFP-CesA3) behavior 2 days after transfer of
seedlings to MS plates with intermediate salt concentrations
(100 mM). While the CesAs appeared similar in density in
cc1cc2 cells as compared to controls, FRAP experiments re-
vealed a substantial reduction in CesA delivery rates in the
cc1cc2 cells (Figure 4C). In addition, the CesAs migrated signif-
icantly slower in the cc1cc2 mutant seedlings treated with
100 mM NaCl as compared to wild-type (mean speed in wild-
type cells: 246 ± 70 and 218 ± 46 nm/min on MS and salt-con-
taining MS media, respectively, mean speed in cc1cc2 mutant
cells: 221 ± 56 and 158 ± 53 nm/min on MS and salt-containing
MS media, respectively; Student’s t test; p < 2.7 E108, be-
tween CesA speed in wild-type and cc1cc2 on salt-containing
MS media; n = six cells from three different seedlings). These
data indicate an important function of the CC proteins in main-
taining CesA function andmicrotubule stability during salt stress.
Mutations in the CC Proteins Lead to Impaired
Microtubule Dynamics during Salt Stress
To investigate the impact of the CC proteins on microtubule
behavior during salt stress, we analyzed microtubule dynamics
using four parameters; growth, shrinkage, catastrophe, and
rescue rates. As the microtubule arrays are behaving verye. Imaging of GFP-CC1was done in 3-day-old etiolated seedlings in hypocotyl
left with regards to the major axes.
e. Scale bar, 5 mm.
on of the fluorescent foci.
1 and tdT-C6 foci reveal that they migrate as one foci first (yellow arrowhead at
e 125 and 300 s). Right: kymographs of 300-s movies of GFP-CC1 and tdT-C6
ars represent the percentage of yeast colonies grown after 4 days on selective
oteins were N-terminally fused to Cub (C-terminal part of ubiquitin), and prey
controls, baits are co-expressed with ALG5 (ER-protein) fused with NubG, in
ubI), and in auto-activation controls with empty vector.
FP-CC1 and tdT-C6 (I) or GFP-CC1 and VHAa1-RFP (J). For GFP-CC1 and
n was used based on the overlap approach (see Figure S2N). Scale bars, 5 mm.
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Figure 3. The CC Proteins Associate with smaCCs/MASCs after Exposure to Stress
(A) GFP-CC1 and tdTomato-CesA6 (tdT-C6) co-localize in small intracellular compartments (smaCCs/MASCs, indicated by arrowheads) after exposure to
200 nM isoxaben for 2 hr in 3-day-old etiolated seedlings. Scale bars, 5 mm.
(B) Typical movement of smaCCs/MASCs observed in seedlings treated as in (A). GFP-CC1 and tdTomato-CesA6 (tdT-C6) co-localize in smaCCs/MASCs
(arrowheads indicate smaCCs/MASCs, dotted line with arrow indicates movement of smaCCs/MASCs). First, the SmaCC/MASC is standing then moves fast
(0–100 s), stands still (100–170 s), moves fast (170–190 s), and is static (190–230 s). The lower panel shows corresponding kymograph representing themovement
of the smaCCs/MASCs along the dotted line over time (0–230 s). Scale bars, 2 mm.
(C) GFP-CC1 and tdT-CesA6 (tdT-C6) co-localize in smaCCs/MASCs after exposure to 200 mM NaCl for 6 hr in 3-day-old etiolated seedlings. Arrowheads
indicate smaCCs/MASCs. Scale bars, 5 mm.
(D) Movement of smaCCs/MASCs observed in seedlings treated as in (C). GFP-CC1 and tdT-C6 co-localize in smaCCs/MASCs (indicated by arrowheads).
Dotted line with arrow indicates movement of smaCCs/MASCs. Lower panel shows corresponding kymograph representing the movement of the smaCCs/
MASCs along the dotted line over time. Scale bars, 2 mm.
See also Figure S3 and Movie S3.differently in the cc1cc2 double mutant and wild-type cells after
salt stress, we first estimated time points where the two arrays
would be at comparable states. While the microtubule array in
the cc1cc2mutant cells are becoming re-established2 hr after
salt stress, the array in wild-type cells are typically re-established
6 hr after the stress (Figures 4B and S4A;16%microtubule cell
coverage for both genotypes). We therefore chose to analyze the
microtubule array dynamics at these time points. The microtu-1358 Cell 162, 1353–1364, September 10, 2015 ª2015 Elsevier Inc.bule arrays behaved very similar in the wild-type and cc1cc2
mutant cells under control conditions (Figures 4D–4G). However,
the salt treatment caused significant changes in the behavior of
themicrotubule array in wild-type cells. In particular, catastrophe
and rescue events were observed more frequently (Figures 4E
and 4G), indicating that the microtubule array underwent sub-
stantial re-organization during the recovery phase after salt treat-
ment. In contrast, catastrophe and rescue events were not
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Figure 4. The CC Proteins Safeguard the
Cortical Microtubule Array and CesA Activ-
ity during Salt Stress
(A) Typical microtubule and CesA coverage at the
cell cortex and plasma membrane, respectively, in
3-day-old mCh-TUA5 and YFP-CesA6 expressing
etiolated seedlings after exposure to 200mMNaCl
for times indicated. T = 0 indicates time just prior to
salt exposure. Scale bar, 2.5 mm.
(B) Quantification of microtubule and CesA
coverage at the cell cortex and plasmamembrane,
respectively, from experiment exemplified in (A).
Time indicates time after salt exposure. PM,
plasma membrane. ANOVA analysis of microtu-
bule coverage and CesA density support statistical
significant differences between time and geno-
types. See Figure S4 for error bars. n = 27 cells
from three seedlings per time point and three
biological replicates.
(C) FRAP of 4-day-old wild-type or cc1cc2 hypo-
cotyl cells expressing GFP-CesA3 (GFP-C3)
exposed to 100 mM NaCl for 2 days. Graph dis-
plays re-population of the plasma membrane with
fluorescent CesA foci (given asmean delivery rates
of CesAs per area unit per hr) from five cells of five
seedlings. **p% 0.001. Student’s t test, error bars
are SD.
(D–G) Microtubule dynamics in wild-type and
cc1cc2 mutant cells. The dynamics were esti-
mated using a custom-made ImageJ macro (see
Supplemental Experimental Procedures) and were
done on cells 2 hr after salt stress (cc1cc2 mutant
cells) and 6 hr after salt stress (wild-type cells) in
four cells from four different seedlings. These time
points were chosen based onmicrotubule array re-
establishment timing as indicated in (B) and in
Figure S4A. **p % 0.001. Student’s t test, error
bars are SD. n.s., no significant difference.
See also Figure S4.
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Figure 5. CC1 Truncations Restore Distinct Phenotypic Defects in
cc1cc2 Mutant Seedlings
(A) Schematic outline of CC1 and truncations of the protein used in this
paper. CC1 contains a predicted transmembrane domain (TM, black region).
The N terminus is predicted to face the cytoplasm and the C terminus to
the apoplast. Names of the truncations are indicated to the right of the
schemes.
(B) GFP-CC1DN120 and CC1DC223-GFP are sufficient to restore cellulose-
related defects and salt-induced microtubule defects, respectively, in
cc1cc2 mutant seedlings. Wild-type (Col-0), cc1cc2 mutants, and cc1cc2
mutants that express CC1DC223-GFP or GFP-CC1DN120, respectively,
were germinated and grown on MS plates supplemented with 150 nM of
the cellulose synthesis inhibitor dichlobenil (DCB) for 5 days in the dark.
The same lines were germinated and grown on MS media plates for
2 days. The seedlings were then transferred to MS plates supplemented
with 100 mM NaCl and grown for an additional 3 days in the dark. Scale
bars, 2 mm.
1360 Cell 162, 1353–1364, September 10, 2015 ª2015 Elsevier Inc.changed in the cc1cc2 mutant cells during the re-assembly
phase after salt exposure as compared to control treatments
(Figures 4E and 4G). These data indicate that the CC proteins
are important for a dynamic microtubule array, and the ability
of the microtubule arrays to re-organize itself is important to
cope with salt stress.
The N and C Terminus of CC1 Have Distinct Cellular
Functions
The CC proteins are plant-specific and lack clear homology to
proteins of known function. The proteins are predicted to contain
a transmembrane domain with their N-terminal domains facing
the cytosol and the C-terminal parts in the apoplast (http://
aramemnon.uni-koeln.de/) (Figure 5A). To characterize the
N- andC-terminal regions of the CC proteins, we generated trun-
cated CC1 proteins (Figure 5A) fused to GFP and transformed
them into the cc1cc2 mutant plants. We found that the GFP-
CC1DN120 partially rescued the reduced and swollen cc1cc2
growth phenotype on MS media containing isoxaben and DCB
(Figures 5B, 5C, and S5A). However, this construct was unable
to restore cc1cc2 growth on MS media supplemented with ory-
zalin and NaCl (Figures 5B, 5D, and S5A). Hence, the C-terminal
part of CC1 can restore defects in cc1cc2 related to cellulose
synthesis inhibition. In contrast, the CC1DC223-GFP construct
completely restored seedling growth on MS media containing
NaCl (Figures 5B and D), indicating a prominent role of the
CC1 N terminus in salt-related growth defects of cc1cc2. How-
ever, the CC1DC223-GFP was unable to restore growth on MS
media supplemented with oryzalin, DCB, and isoxaben (Figures
5B, 5C, and S5A).
Interestingly, GFP-CC1DN120 located to motile foci at the
plasma membrane reminiscent to that of the CSCs (Figures 5E
and 5F). Crosses between the GFP-CC1DN120-expressing
plants and plants expressing tdT-CesA6 confirmed that the
GFP-CC1DN120 tracked together with the CesA (Figures 5E,
5F, and S5B). These data show that CC1DN120 is important
for CesA-related functions and indicate that this part of the pro-
tein is responsible for the interaction of the CC1 with the CSC.
The N Terminus of the CC1 Interacts with Microtubules
Consistent with the topological prediction, the CC1DC223-GFP
showed mainly cytosolic localization. However, clear striated
patterns of fluorescence could be distinguished at the cell cor-
tex, reminiscent of microtubules (Figure 6A). We confirmed this
by crossing the CC1DC223-GFP line with a mCh-TUA5 express-
ing line (Figures 6A and 6B), suggesting that the N terminus of the(C and D) Quantification of data in (B). **p% 0.001. Student’s t test, values are
means, error bars are SD, n = 10 seedlings per biological replicate (rep). Three
biological reps.
(E) GFP-CC1DN120 and tdTCesA6 (tdT-C6) co-localize in the plasma mem-
brane in 3-day-old etiolated hypocotyls cells. Left: one frame of a time series.
Right: time average projections of time lapse movies of the fluorescent pro-
teins. Scale bars, 5 mm.
(F) Left: time frames of individual plasma membrane-localized fluorescent
GFP-CC1DN120 and tdT-C6 foci. The proteins migrate as one foci. Right:
kymographs of 325-s movies of GFP-CC1DN120 and tdT-C6 expressing cells
from which frames are presented in left panel. Scale bar, 0.5 mm.
See also Figure S5.
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Figure 6. The CC1 N Terminus Binds to
Microtubules In Vitro and In Vivo and Pro-
motes Microtubule Formation
(A) CC1DC223-GFP is located largely to the
cytosol, but also as striated patterns (yellow
arrowheads) at the cell cortex that coincide with
cortical microtubules in hypocotyl cells of 3-day-
old etiolated seedlings expressing CC1DC223-
GFP and mCh-TUA5. Scale bar, 5 mm.
(B) Intensity plot of the CC1DC223-GFP and mCh-
TUA5 from transect in (A).
(C) Microtubule co-sedimentation assay of His-
CC1DC223. His-CC1DC223 was enriched in the
pellet fraction after centrifugation when Taxol-
stabilized microtubules were present. Microtu-
bule-associated protein fraction (MAPF) and BSA
were used as positive and negative controls,
respectively.
(D) A microtubule binding constant of His-
CC1DC223 (9.5 ± 2.0 mM) was determined by
estimation of binding of His-CC1DC223 when
microtubule levels were constant. KD is indi-
cated ± SE, n = 3 technical replicates (reps).
(E) Microtubule turbidity assay. Tubulin was
incubated with buffer (negative control), Casein
(negative control), MAPF (positive control),
Taxol (microtubule stabilizing agent) and His-
CC1DC223 and microtubule formation measured
at 340 nm. Curves are averages of three technical
reps. Total polymer mass (TPM) is indicated ± SD.
(F) In vitro microtubule formation assay using
rhodamine-labeled tubulin together with buffer
(negative control), Casein (negative control),
microtubule-associated protein fraction (MAPF;
positive control) and His-CC1DC223. Microtu-
bules were counted as fluorescent objects in an
area of 4,637 mm2 produced in the assay. **p %
0.001. Student’s t test, values are means, error
bars are SD, n = 3 technical reps.
See also Figure S6 and Movie S4.CC1 can associate with microtubules in planta. These patterns
were not seen in mCh-TUA5 transgenic plants expressing free-
GFP (Figures S6A and S6B). To verify the putative association
between the N terminus of CC1 andmicrotubules, we expressed
and purified the CC1DC223 as a fusion protein with a 63 His tag
from Escherichia coli (Figure S6C) and performed microtubule
binding assays (Goode and Feinstein, 1994). In vitro polymerized
and Taxol-stabilized microtubules were either mixed with
CC1DC223, knownmicrotubule-associated proteins (MAP; pos-
itive control) or BSA (negative control). The CC1DC223 inter-
acted with microtubules as the protein co-sedimented with the
microtubules after centrifugation. In the absence of microtu-
bules, the CC1DC223 protein was mainly detected in the soluble
fraction (Figure 6C). CC1DC223 lacking the His tag also co-sedi-
mented with microtubules, indicating that the tag is not affecting
CC1’s affinity to the microtubules (Figure S6D). To estimate the
affinity betweenCC1DC223 and themicrotubules, we performed
saturation binding assays in which we maintained a constant
amount of stabilized microtubules, added an increasing amount
of CC1DC223, and then precipitated the microtubules with ultra-
centrifugation. In this way, we estimated a dissociation constantC(KD) of 9.6 ± 2.0 mM (Figures 6D and S6E), which is 10 times
higher than that of CSI1 (Li et al., 2012) and 20 times higher
than that of MAP65 (Wicker-Planquart et al., 2004).
The N-Terminal Part of the CC1 Promotes Microtubule
Formation In Vitro
The defects of microtubule re-assembly in the cc1cc2 mutants
after salt treatment suggested a role for the CC proteins inmicro-
tubule dynamics. To investigate this, we performed a microtu-
bule turbidity assay based on the light-scattering properties of
microtubules. Addition of CC1DC223 to the turbidity assays
clearly promoted microtubule formation (Figure 6E). The result-
ing microtubule levels were enhanced 4-fold in comparison
to a MAP fraction and 2.4-fold to the microtubule stabilizing
agent Taxol under the experimental conditions (Figure 6E). To
confirm these data, we also performed microtubule formation
assays using rhodamine-labeled tubulin and the E. coli produced
CC1DC223 protein or controls (buffer only, casein, or a MAP
fraction). Inclusion of CC1DC223 in the assay produced a
considerable amount of fluorescent microtubule fragments (Fig-
ures 6F and S6F). The number of fluorescent fragments wasell 162, 1353–1364, September 10, 2015 ª2015 Elsevier Inc. 1361
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Figure 7. Schematic Model for CC Protein
Function during Salt Stress
Under non-stressed conditions, the CSCs pro-
duce cellulose at the plasma membrane (PM) and
are guided by CSI1 along cortical microtubules.
After exposure to salt stress, microtubules are de-
polymerized and the CSCs displaced from the PM
into smaCCs/MASCs. The cytosolic N-terminal
part of the CC proteins promotes microtubule
dynamics, likely in concert with other microtubule-
associated proteins, which lead to the establish-
ment of a salt-tolerant microtubule array. The CSC
pool re-populates the PM, possibly aided by the
CesA-associated C-terminal domain of the CC
proteins, and cellulose synthesis may be restored.
In the absence of CC activity (cc1cc2 mutants), a
stress tolerant microtubule array is not produced,
and the CSCs do not re-populate the PM.significantly higher than what we observed in assays using
the positive MAP fraction control (Figure 6F). To corroborate
that these fragments were microtubules, we incubated the
CC1DC223 assays on coverslips coated with immobilized kine-
sin1 proteins from Drosophila melanogaster (Nitzsche et al.,
2010). Here, the kinesins move microtubule-related structures
along the coverslip, and structures that are not microtubules
would not be bound and transported by the kinesins. Indeed,
the fluorescent fragments migrated across the slide (Movie S4)
and are thus microtubule-related structures. Hence, the
CC1DC223 promotes microtubule formation in vitro.
DISCUSSION
Abiotic and biotic stresses significantly impact on plant growth,
andmuch effort is therefore invested into improving plant perfor-
mance during adverse conditions. In this work, we outline a
mechanism for how the major plant biomass producing enzyme
complex, the CSC, can be sustained in its plasma membrane
localization during salt stress via action through the identified
CC protein family members.
While mutations that affect cell wall and cellulose synthesis
impact on plant salt tolerance (Shi et al., 2003; Chen et al.,
2005; Kang et al., 2008; Zhu et al., 2010), the underlying mecha-
nisms are unresolved. Based on our findings, we propose a
model in which the CesAs and CC proteins accumulate in cyto-
plasmic smaCC/MASC-related compartments in response to
salt (Figure 7). The cytoplasmic N termini of the CC proteins
may here promote the re-assembly of the microtubule array.
The C-terminal part of the CC proteins, on the other hand, aids
in the recovery of the plasma membrane-based CesA pool (Fig-
ure 7). However, the dynamic behavior of the microtubule array
that is aided by the N-terminal part of the CC protein is crucial
for the recovery of the cell under salt stress as the C-terminal1362 Cell 162, 1353–1364, September 10, 2015 ª2015 Elsevier Inc.part of CC1 was unable to restore growth
of the cc1cc2 mutant on salt-containing
media. Hence, the salt stress-related
growth phenotypes of cc1cc2 are mainly
due to defects of the microtubule array.Salt stress results in both osmotic and ionic stress in plant cells
(Munns and Tester, (2008), and it has been suggested that the
ionic stress is themajor factor that impacts onmicrotubule depo-
lymerization (Wang et al., 2007). Consistent with this finding,
osmotic stress using sorbitol did not cause anymajor growth de-
fects of the cc1cc2 seedlings, and it therefore appears likely that
the CC proteins mainly function to sustain the microtubule array
during ionic stress. Nevertheless, PHS1, a key component for
the stress-induced de-polymerization of the microtubule array,
promotes microtubule de-polymerization in response to osmotic
stress (Fujita et al., 2013). Hence, the microtubule array appears
to respond to both ionic and osmotic stress. PHS1 can phos-
phorylate Thr349 of a-tubulin to generate a polymerization
incompetent tubulin isoform in response to sorbitol and salt
treatments (Fujita et al., 2013). It is plausible that the CC proteins
and PHS1may have antagonistic effects following salt exposure.
The effect of PHS1 would then be prominent in the cc1cc2
mutant, consistent with the rapid depolymerization of microtu-
bules in the cc1cc2 mutants. The CC proteins could perhaps
reduce the osmotic effects of PHS1, and it might therefore be
possible that the proteins contribute both to osmotic and ionic
stress responses of the microtubules. As the microtubule array
becomes reassembled after 8 hr of salt exposure (Wang
et al., 2007), it appears that the PHS1 kinase activity drops after
the initial microtubule de-polymerization events. Here, the CC
proteins have an important function in the re-assembly and
maintenance of the microtubule array and thus to cope with
long-term saline conditions. In addition, SPR1, another microtu-
bule-associated protein, antagonizes stress-induced microtu-
bule de-polymerization (Wang et al., 2011). Under salt stress,
SPR1 is rapidly degraded by the 26S proteasome, which is
required for efficient microtubule disassembly (Wang et al.,
2011). It is therefore plausible that the CC proteins function in
concert with both PHS1 and SPR1 for microtubule functions
during salt stress. These relationships could perhaps also under-
pin the relatively faster re-assembly of the unstable microtubule
array in the cc1cc2 mutant cells after salt stress.
Microtubules are nucleated from ring-shaped complexes that
contain g-tubulins (Teixido´-Travesa et al., 2012) that coincide
with existing microtubules (Nakamura et al., 2010). In addition,
microtubule nucleation can occur via a mechanism that is inde-
pendent of the g-tubulin-ring complex during array recovery
after stress (Lindeboom et al., 2013). While this mechanism is
not known in plant cells, several microtubule plus end-binding
proteins (Rogers et al., 2008; Rusan andRogers, 2009), including
transforming acidic coiled-coil family proteins and RanGTP-acti-
vated factors (Gruss and Vernos, 2004; Clarke and Zhang, 2008),
have been suggested to support g-tubulin-ring complex-inde-
pendent microtubule nucleation in other organisms. Given that
the CC1 N terminus promotes microtubule formation (Figures
6E and 6F), it is plausible that CC1 could contribute to
g-tubulin-ring complex independent microtubule nucleation dur-
ing salt stress.
Our findings outline a mechanism in which components of the
CSC can promote the cellulose-synthesizing capacity of the
complex during salt stress. Hence, instead of simply migrating
passively along cortical microtubules the CSC can, via the CC
proteins, manipulate the microtubule behavior during stress to
sustain its own activity.
EXPERIMENTAL PROCEDURES
A detailed description of the experimental procedure is enclosed in Supple-
mental Experimental Procedures.
Plant Growth and Cell Wall Analysis
T-DNA insertion lines were obtained from the NASC (http://arabidopsis.info/),
and fluorescent marker lines have been described previously. Arabidopsis
plants and seedlings were grown as described by Sa´nchez-Rodrı´guez et al.
(2012), and plates were supplemented with various inhibitors, salt, and sorbitol
as indicated in figures and text. For salt treatments, seeds germinated on MS
media were transferred to NaCl supplemented MS plates after 2 days. Four-
day-old etiolated seedlings were used for cell wall extractions. Uronic acids,
neutral sugars, and glucose residues for cellulose were determined as
described in Sa´nchez-Rodrı´guez et al. (2012).
Spinning Disc Microscopy
Spinning disc microscopy was conducted on a Nikon Ti-E inverted micro-
scope equipped with a CSU-X1 spinning disc head (Yokogawa), a CFI APO
TIRF 3 100 N.A. 1.47 oil immersion objective, an Evolve charge-coupled
device camera (Photometrics Technology) and a 31.2 lens between the
spinning disc and camera.
Image Analysis
Co-localization analysis was performed using the JACoP plugin (Bolte and
Cordelie`res, 2006) of ImageJ software package (Rasband, W.S. National Insti-
tute of Health). Cortical microtubule recovery after salt treatment was analyzed
using a program based on MATLAB (MathWorks) applying the Sobel edge-
detection algorithm on single images. To quantify CESA recovery after salt
treatment, the MaximumFinder feature of the ImageJ software package was
used.
Heterologous Protein Expression and Microtubule Assays
CC1DC223 was expressed in Rosetta (DE3) pLysS E. coli Cells (Merck Milli-
pore). Microtubule binding assays of CC1DC223 were performed using the
Microtubule Binding Protein Spin-down Assay Kit (Cytoskeleton) according
to the manufacturer’s instructions. Microtubule assembly rates were deter-Cmined by measuring light scattering in a bulk phase turbidity assay (Gaskin
et al., 1974). Microtubule properties after co-polymerization were visualized
and tested using a microtubule gliding motility assay (Nitzsche et al., 2010).
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
six figures, one table, and four movies and can be found with this article online
at http://dx.doi.org/10.1016/j.cell.2015.08.028.
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